Principal component analysis (PCA) coupled with Taguchi methods are employed in the study for developing multiple quality characteristics optimization of pulsed plasma arc welding SS400 steel pipe with foamed aluminum liner (SPFAL). The quality characteristics investigated are the micro-hardness, the compression strength, and the bending strength of the weldments. Eight control factors selected are the tip aperture (Factor A), plasma base current (Factor B), plasma pulse current (Factor C), duty cycle (Factor D), pulse frequency (Factor E), shielding gas (Factor F), plasma gas (Factor G), and welding velocity (Factor H), respectively. It is shown by the experimental results that the optimal parameter combination of the pulsed plasma arc welding process is A1 (tip aperture: Ø1.5mm), B3 (plasma base current: 30A), C3 (plasma pulse current: 100A), D2 (duty cycle: 50%), E3 (pulse frequency: 300Hz), F2 (shielding gas: 14L/min), G3 (plasma gas: 0.4L/min), and H2 (welding velocity: 4RPM). Moreover, it is ascertained from the analysis of variance (ANOVA) results that plasma base current (B), plasma pulse current (C), duty cycle (D), and welding velocity (H) are the most important control factors in the process design, and thus strict control must be applied to them. They account for 75.02% of the total variance. The experimental results likewise show that the best process design could indeed enhance the multiple quality characteristics of the pulsed plasma arc welded SPFAL as 3020kgf of the bending strength, 13650kgf of the compression strength, and 180.4Hv of the hardness, respectively.
Introduction
Metal foams with spongy structure has been considered as an important structural material in recent years due to its extremely low specific density (0.2~1.0g/cm 3 ) and excellent specific strength, rigidity, and energy absorption (1) - (3) . It is suitable as parts in light-weighted vehicles that specify high requirements for safety and comfort. Based on the test results of a bumper made of steel pipe using a liner of spongy-structured foamed aluminum, it is observed that the absorption of impact energy doubles that of a hollow structure, while its effective scope of application increases from the original 8km/hr to 20km/hr (4) . If the composite foamed aluminum (CFA) is applied on the structure of large vehicles, the manufacturing equipment capable of producing longer CFA and a good welding technique are needed. Usually, a common type of steel can be easily welded using keyhole mode of plasma arc welding process due to the contracted arc between the tungsten electrode and workpiece (5) , (6) . Plasma arc welding process has the advantages of smaller heat affected area, lower air porosity, higher aspect ratio (depth to width rate), and lower residual stress (7) . Recent studies on welding of foamed metals were mostly conducted for foamed aluminum and aluminum alloy (8) . For example, Haferkamp et al. studied the welding of foamed aluminum by laser welding (9) , (10) . However, the pervasive spongy structures inside the foamed aluminum are easy to collapse and become damaged due to high temperature from the high-power laser, and thus effective welding is difficult. Kaman et al. developed an aluminum foam sandwich (AFS) and applied it into sheet metal structures of automobiles to reduce noise triggered by the vibration of sheet metal (11) . Similarly, Seeliger et al. produced the AFS through laser welding, TIG arc welding, and laser cutting (12) .
To achieve maximum efficiency and performance in the development of the processing technology, Taguchi proposes a procedure which applies orthogonal arrays from statistically designed of experiments to efficiently obtain the best design with the least number of experiments (13) . However, most previous applications of the Taguchi methods emphasize only single quality characteristics and, in comparison, paid little attention on multiple quality characteristics (MQCs) (13) - (17) . Nevertheless, MQCs are still generally required by the consumers of a product. When optimizing a design of the system with MQCs, the objective is to determine the best parameter design that will simultaneously optimize all the quality characteristics of interest to the designer. The more frequently used approach is to assign a weighting for each response. However, to determine a definite weighting for each response in an actual case remains a difficult task. In practice, the weighting method of using engineering judgment together with evidence from past experience is still the primary approach to optimizing MQCs (18) . The consequence is that some uncertainties often included in the decision-making process. Some of the applications include Antony's simultaneous optimization of MQCs using the Taguchi's quality loss function (19) , Lin's optimization technique for face milling stainless steel with MQCs (20) , and Juang et al.'s investigation of the multiple surface quality characteristics of weld pool geometry in the tungsten inert gas welding process (21) . However, the common outcomes from these approaches are increased human uncertainties due to the complex computational process, and unknown correlations amongst the MQCs. To solve the intercorrelation problem, principal component analysis (PCA) may be a useful statistical technique for examining the relationships between a given data set of MQCs. A new set of uncorrelated data of MQCs called principal components can be derived by PCA in a descending order of ability to explain the variance of the original dataset (22) . With the aid of PCA, the principal components and their explanatory power can be further integrated as a single quality characteristic for the MQC optimization of an engineering system. To develop the best process design for the pulsed plasma arc welding of SS400 low-carbon steel with foamed aluminum liner (SPFAL), this study proposes a simple but powerful approach that integrates the Taguchi methods and PCA. This paper uses the Taguchi orthogonal array to conduct the experiments for calculating the S/N ratios of the selected multiple quality characteristics. The principal components are determined by the PCA method and then transformed into an objective function for the multi-objective process optimization. This approach not only yields a sufficient understanding of the effects of process parameters, but also produces an optimized process to ensure that the pulsed plasma arc welding process exhibits the best multiple quality characteristics. Fig. 1 displays that the raw materials for the experiment are fabricated by placing the aluminum alloy (pre-foam materials) into the hollow low-carbon steel pipe, sealing the two ends of the steel pipe with blinds, placing them into the electric heater, setting the heating condition 720 °C for 15 min. As shown in Fig. 2 , SS400 low-carbon steel pipe with foamed aluminum liner (Al-foam density about 0.69g/cm 3 ) is used as the experimental workpiece.
Experimental

Materials and Testing Methods
Its outer diameter is 38mm and inner diameter 33mm. Fig. 3 shows that two same lengths of SPFALs are butt welded as the test bar using a pulse-type plasma arc welding machine. The specimen size used for the testing of the bending strength is 300mm long while the compression strength is 120mm long. Figs. 4 and 5 show that tests of bend strength and compression strength are conducted by the universal tester. 
Experimental Design
Process parameters are designed using L18 (2 1 ×3 7 ) orthogonal array of the Taguchi methods. Eight process parameters are identified as the control factors including the tip aperture (Factor A), the plasma base current (Factor B), the plasma pulse current (Factor C), the duty cycle (Factor D), the pulse frequency (Factor E), the shielding gas (Factor F), the plasma gas (Factor G), and the welding velocity (Factor H), respectively. The tip aperture has two levels while all other parameters have three levels. Table 1 lists the parameters in the experimental design. The quality characteristics this paper intends to explore are the bending strength, the compression strength, and the microhardness of the weldments, respectively. A harder welded bar with larger bending and compression strengths is more desired. For these reasons, the paper follows the principle that the bigger the S/N ratio, the better the product's performance in evaluating its performance characteristics. The S/N ratio reveals the effect of the different control factor levels on the system output, making it an objective indicator of system output quality. If the S/N ratio is higher, it means that the output quality loss under the current process design is lower.
Principal component analysis (PCA) is a technique which provides a way of exploring multivariate data (22) . The original initial variables are transformed into another dimension set of uncorrelated variables, e.g., the principal components, by calculating the eigenvectors of the covariance matrix of the original inputs. The transformed variables are ranked according to their variance, thereby reflecting decreasing levels of ability to capture the whole information content of the original dataset.
Although P components are required to reproduce the total system variability, often much of this variability can be accounted for by a small k of the principal components. The k principal components can then replace the initial p variables, and the original dataset, consisting of n measurements on p variables, is reduced to a dataset consisting of n measurements on k principal components.
Let X = (X 1 ,…, X p ) T have covariance matrix Σ, with igenvalue-eigenvector pairs (λ 1 ,
The total system variance is given by
variance is given by ( )
The proportion of total variance explained by the ith principal component is defined as
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Vol. Often, to keep some observations or variables from discriminating the calculations, the data are normalized prior to finding PCs. Such data pre-processing can avoid the influences of the units used for evaluating the multiple quality characteristics of the plasma arc welding process investigated. Normalization of the data may provide fair information for determining the optimal levels of process parameters. Fig. 6 shows the flow chart for the application of the Taguchi methods coupled with the principal component analysis used in the study.
Experimental Results
General Discussion
The study reveals that two SPFALs can be successfully butted welded without damaging the foamed aluminum liner inside when using the L18 experimental design. Fig.  7 highlighted by rectangular shows the sectional profile in heat affected zone (HAZ) of SPFAL after pulsed plasma butt welding, including the microscopic structure at 200X amplification by scanning electronic microscope (SEM). Fig. 8 further illustrates both the carbon steel pipe and the foamed aluminum liner at higher magnification rate (4000X). After welding, the high heat input by plasma machine apparently does not influence the structure of the foamed aluminum liner. It is noted in Fig. 8 that some kind of microcracking and crevice are observed around the interface. It is possible that they are produced during the sample preparation for the SEM analysis. Line-scan analysis at HAZ in Fig. 9 shows the migration of metal elements from the steel pipe's cross-border layer to the foamed materials. It is found that more oxygen elements exist close to the interface. The slight increase in oxygen (O) is due to aluminum oxide. More oxygen likewise appears at the foamed aluminum area, indicating the thin layer of aluminum oxide on the surface of the pores produced during aluminum foaming process. The aluminum (Al) element and silicon (Si) element in the foamed aluminum (AlSi7 alloy) do not migrate to the steel pipe area A, but the iron (Fe) element in the steel pipe of area A cross the interfacial layer and spread to the foamed aluminum area. Hence, although the welding interface of the joint SPFALs do not have an apparent heat effect, there might have some diffusions of metal atoms due to the welding temperature during the formation of intermetallic structure containing Fe and Al. In any case, its percentage is quite low and does not influence the performance of the welded SPFALs. Fig. 10 shows the change in joint zone and the aluminum foam liner inside pipe after welding. Aside from the HAZ, it is noted that the remaining heat did not influence the structural integrity of the aluminum foam inside the steel pipe.
Performance Evaluation by Taguchi Methods
The experiments designed by means of L18 orthogonal array are carried out to explore and measure the multiple quality characteristics (MQCs) of the welded SPFALs in terms of the bending strength, the compression strength, and the micro-hardness. Taguchi method's "bigger the better" S/N ratio is adopted to assess the actual measurements of specimens. Table 2 lists a complete experimental layout of L18, and the performance evaluation on the three quality characteristics investigated. The right photo is a micrograph showing the metallographic structure of the section after polishing, and corrosion with 3% Nital.
Normalization of Performance Evaluation
Before the principal component analysis (PCA), data pre-processing is undertaken. Table 3 displays the normalization of the performance evaluation of the MQCs listed in Table 2 to a range between -3 and 3 on the assumption of normal probability distribution. Below is the normalization formula for the experiment.
Where k represents the number of experiments, x i (k) corresponds to the value to be normalized,
represents the normalized value, μ i is the average value and σ i the standard variance of the measured performance characteristic i. Table 4 shows the correlation coefficients among the MQCs. It is evident that the bending strength of the weldments has a slightly stronger interrelationship with the microhardness than with the compression strength. A larger correlation coefficient indicates greater relevance between these two performance characteristics. The L18 experimental data is further analyzed using the SPSS software to obtain the eigenvalues of the three principle components as 1.34209, 1.10272, and 0.55519. As indicated by Table 5 , the first, second, and third principle component can explain 44.7363%, 36.7573%, and 18.5063% of the total process variance, respectively. The eigenvectors corresponding to the three eigenvalues of the correlation matrix are shown in Table 6 . The eigenvectors can be treated as the weighting value such that the matrix of the three principle components is expressed as: [ The score table for the three principle components (PCs) is shown in Table 7 . In order to facilitate the MQCs optimization in the study, the three PCs scores can be further integrated as a total PC score for the MQC indices (MQCI) using linear combination method according to their explanatory powers for the total variance. The matrix form for the total PC scores is thus formulated as: The total PC score results are also displayed in Table 7 . It is seen that test 9 produces the best results on the MQCI in the L18. Table 8 and Fig. 11 show the average effect of control factors on the pulsed plasma arc welding process obtained from the total score in Table 7 . It is indicated that the optimum combination of process parameter for the pulsed plasma arc welding is A 1 B 3 C 3 D 2 E 3 F 2 G 3 H 2. It is found that factor C (plasma pulse current), D (duty cycle), B (plasma base current) and H（welding speed）are the most important factors in the process design due to their controlling the input energy. Analysis of variance (ANOVA) has similar function with the response table. However, the major difference is that the ANOVA can effectively separate the variance caused by the experimental error, and then obtain the influence of control factors on the process variance. It is shown in Table 9 that the influence of each control factor on the welding process has an apparent disparity. The control factors that influence the plasma arc welding process are C(28.26%), D(19.98%), B(15.47%), H(11.29%), E(8.28%), A(7.27%), F(3.88%), and G(4.70%), respectively. The experimental error is only 0.8226%, indicating that the experiment has a highly reasonable and very successful process design. Table 8 Response table of MQCI 
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[ ] [ ]           =
Effects of Control Factors on MQCI
MQCI Optimization of Pulsed Plasma Arc Welding Process
Based on Taguchi methods, the condition for optimization depends on the response table and diagram of the MQCI. As indicated by Table 8 and Fig. 11 , we can infer the multiple quality characteristics of the weldments from the pulsed plasma arc welding process. The best design for the welding process is A 1 (tip aperture (φ): 1.5 mm), B 3 (plasma base current: 30A), C 3 (plasma pulse current: 100A), D 2 (duty cycle: 50%), E 3 (pulse frequency: 300Hz), F 2 (the shielding gas: 14L/min), G 3 (plasma gas: 0.4L/min), and H 2 (welding velocity: 4RPM), respectively. The MQCI average is the average of the total scores in L18 experiment. By comparing the predictions between the initial and the best designs, the total score can be improved by 3.67216 after process optimization.
Confirmation Run
It is observed from Table 8 and Fig. 11 that the best process design is A 1 B 3 C 3 D 2 E 3 F 2 G 3 H 2 of which the experimental result is listed in Table 10 . Compared with the initial design, the bending strength is improved by 4.49465 (db), compression strength by 0.7744 (db), and hardness by 0.86989 (db). The bending strength is improved at a larger extent, and the compression strength at a smaller extent in terms of gain values. This is mainly due to more heat input by the optimal process design. Excessive heat input results in coarse crystal grains along the weld fusion zone. However, no apparent change in the hardness is observed. Fig. 12 compares the specimens after the tests under initial and optimum conditions. The bending strength, compression strength, and micro-hardness for the best design are 3020kgf, 1360kgf, and 180.4Hv, respectively. It is noted from the above results that the Taguchi method coupled with PCA can effectively obtain the best process conditions in improving multiple quality characteristics of pulsed plasma welding ss400 steel pipe with foamed aluminum liner. When applied with 3020kgf, bend cracks appear and the weld pass has large support.
Compression test
When the compression force reaches 12500kgf, deformation starts and mostly occurs at the upper part.
When the compression force reaches 13650kgf, deformation starts and the lower part gets larger support, with smaller deformation. Fig.12 Comparison of the destructive tests for the initial and optimum process design.
Conclusions
This study applies Taguchi methods and PCA in finding the best process design to optimize the multiple quality characteristics of pulsed plasma welding SS400 low-carbon steel pipe with foamed aluminum liner. It has proved that it can indeed obtain the best combined performance on welding of SPFALs. Base on the results, the following conclusions can be drawn: 1. The best design of process parameters for pulsed plasma welding of SS400 low-carbon steel pipe with foamed aluminum liner is A 1 (tip aperture: φ=1.5mm), B 3 (plasma base current: 30A), C 3 (plasma pulse current: 100A), D 2 (duty cycle: 50%) E 3 (pulse frequency: 300 Hz), F 2 (the shielding gas: 14L/min), G 3 (plasma gas: 0.4L/min), and H 2 (welding velocity: 4RPM), respectively. 2. It is noted from the results of ANOVA that the most important control factors that influence the pulsed plasma arc welding of SS400 low-carbon steel pipe with foamed aluminum liner are plasma base current (B), plasma pulse current (C), duty cycle (D), and welding velocity (H). Among of them, the contribution of pulse current (C), and duty cycle (D) are 28.2613% and 19.9891%, respectively. The total contribution of these factors is as high as 75.02%, and hence must be strictly controlled during the welding process. 3. The bending strength obtained from the test under the optimum conditions is 3020kgf, a value much greater than 1800kgf of the initial condition. The compression strength under the best conditions is 13650kgf, a value greater than 12500kgf under the initial condition. 4. The S/N ratio of the bending strength, the compression strength, and the micro-hardness for the best process design has been improved by 4.49465db, 0.7744d, and 0.86989db, respectively, than that under initial parameters.
